The observed lengthening of the C period in the presence of a defective ribonucleoside diphosphate reductase has been assumed to be due solely to the low deoxyribonucleotide supply in the nrdA101 mutant strain. We show here that the nrdA101 mutation induces DNA double-strand breaks at the permissive temperature in a recB-deficient background, suggesting an increase in the number of stalled replication forks that could account for the slowing of replication fork progression observed in the nrdA101 strain in a Rec ؉ context. These DNA double-strand breaks require the presence of the Holliday junction resolvase RuvABC, indicating that they have been generated from stalled replication forks that were processed by the specific reaction named "replication fork reversal." Viability results supported the occurrence of this process, as specific lethality was observed in the nrdA101 recB double mutant and was suppressed by the additional inactivation of ruvABC. None of these effects seem to be due to the limitation of the deoxyribonucleotide supply in the nrdA101 strain even at the permissive temperature, as we found the same level of DNA double-strand breaks in the nrdA ؉ strain growing under limited (2-g/ml) or under optimal (5-g/ml) thymidine concentrations. We propose that the presence of an altered NDP reductase, as a component of the replication machinery, impairs the progression of the replication fork, contributing to the lengthening of the C period in the nrdA101 mutant at the permissive temperature.
The observed lengthening of the C period in the presence of a defective ribonucleoside diphosphate reductase has been assumed to be due solely to the low deoxyribonucleotide supply in the nrdA101 mutant strain. We show here that the nrdA101 mutation induces DNA double-strand breaks at the permissive temperature in a recB-deficient background, suggesting an increase in the number of stalled replication forks that could account for the slowing of replication fork progression observed in the nrdA101 strain in a Rec ؉ context. These DNA double-strand breaks require the presence of the Holliday junction resolvase RuvABC, indicating that they have been generated from stalled replication forks that were processed by the specific reaction named "replication fork reversal." Viability results supported the occurrence of this process, as specific lethality was observed in the nrdA101 recB double mutant and was suppressed by the additional inactivation of ruvABC. None of these effects seem to be due to the limitation of the deoxyribonucleotide supply in the nrdA101 strain even at the permissive temperature, as we found the same level of DNA double-strand breaks in the nrdA ؉ strain growing under limited (2-g/ml) or under optimal (5-g/ml) thymidine concentrations. We propose that the presence of an altered NDP reductase, as a component of the replication machinery, impairs the progression of the replication fork, contributing to the lengthening of the C period in the nrdA101 mutant at the permissive temperature.
Ribonucleoside diphosphate reductase (NDP reductase) is the only specific enzyme required for the enzymatic formation of deoxyribonucleotides (dNTPs), the precursors of DNA synthesis in Escherichia coli. NDP reductase is a 1:1 complex of two nonidentical subunits called proteins R1 and R2, encoded by genes nrdA and nrdB, respectively (for a review, see reference 3). The best-known defective NDP reductase mutant of E. coli contains a thermolabile R1 subunit encoded by the nrdA101 allele. The activity of the enzyme measured in crude extracts of nrdA101 strains is limited to 6% of the wild-type activity at 25°C (6) , and the dNTP pool is lower than wild type even at permissive temperatures (16) . Our laboratory has shown that the presence of the nrdA101 allele lowers the replication rate of the mutant strain at the permissive temperature, as a nrdA101 mutant replicates the chromosome in 154 min at 30°C, while a nrdA ϩ strain does so in 98 min (10) . Regarding the detrimental effect of the nrdA101 allele on the activity of the enzyme, this DNA replication effect is assumed to be due to the decrease in the NDP reductase activity as a dNTP provider. However, NDP reductase has been proposed as a component of the replication hyperstructure (10) , and consequently the structure of the NDP reductase encoded by the nrdA101 allele might provoke a structural alteration of the replication hyperstructure that could also contribute to the lengthening of the C period in the mutant. A possible consequence of an altered replication hyperstructure might be a frequent replication fork arrest. The goal of this work was to investigate the occurrence of replication fork arrest in the presence of NDP reductase encoded by the nrdA101 allele. To distinguish between the structural and functional contributions of NDP reductase to the replication fork arrest, we mimicked the limitation of NDP reductase activity as a dNTP provider by using thymine limitation in an nrdA ϩ strain. Thymine limitation in the nrdA ϩ background would be used to decrease the rate of DNA replication without affecting either the NDP reductase structure or the major metabolic pathways in the cell (26, 32, 33) .
Arrested replication forks in E. coli are known to experience breakage or to be susceptible to it (2, 15, 25) , although DNA double-strand breaks (DSBs) have not always been found after replication fork arrest (1, 8) . DSBs can have various origins, including exogenous factors such as DNA damage by radiation or chemical agents. However, if they resulted from stalled forks, they would have been generated (i) by direct endonucleolytic cleavage of the stalled fork (2, 11, 12, 15, 25) or (ii) by endonucleolytic cleavage of the stalled fork after regression by the specific reaction named "replication fork reversal" (RFR), as has been extensively studied by Michel and coworkers (21) . In the latter case, newly synthesized strands anneal, forming a four-way junction (Holliday junction [HJ] ). With inactivation of RecBCD, the HJs at the replication forks accumulate and are resolved by the RuvABC complex, resulting in broken replication forks (Fig. 1D) (29) . Consequently, the occurrence of DSBs dependent on RuvABC activity in a recB-deficient strain would indicate that these DSBs were generated after the processing of an HJ created by RFR at stalled forks. If this occurs, we can infer that in a rec ϩ -proficient background the stalled replication forks would proceed after being regressed by following the recombinational pathway (Fig. 1B) or by the action of RecBCD exonuclease to degrade the DNA tail ( Fig.  1 C) . Using this experimental approach, we investigated the induction of DSBs in the nrdA101 recB mutant strain at the permissive temperature to determine whether the presence of an altered NDP reductase increases the incidence of stalled replication fork. In this work we show that an altered NDP reductase increases stalled forks and induces RFR. None of theses effects were observed by limiting the TTP supply in an nrdA ϩ strain. Bacteria were grown by shaking at 30°C in M9 minimal medium containing M9 salts, 2 g/ml thiamine, 0.4% glucose, 20 g/ml of required amino acids, 5 g/ml thymidine, and 0.2% Casamino Acids. Growth was monitored by optical density (OD) at 450 nm.
MATERIALS AND METHODS
Determination of the C period. DNA synthesis was determined by growing the cells in M9 minimal medium containing 1 Ci/ml of [methyl-
3 H]thymidine (20 Ci/mmol) (ICN) and assaying the radioactive acid-insoluble material. The number of replication rounds, n (26, 31) , was determined by runout replication experiments after adding 150 g/ml rifampin to a mid-log-phase growing culture (23) , and it was obtained from the amount of runout DNA synthesis (⌬G) by the algorithm ⌬G ϭ [2 n nln2/(2 n Ϫ 1)] Ϫ 1 (31) . The C period value in the steadystate culture was determined as C ϭ n (26) . is defined as the doubling time in minutes measured by OD.
Measurement of DSBs by PFGE. Measurements of DSBs were performed as described in the literature (20, 29) . Briefly, for chromosome labeling, cells were grown in minimal medium with 0.2% Casamino Acids in the presence of 5 Ci/ml of [methyl-
3 H]thymidine (20 Ci/mmol) (ICN) until the culture reached an OD of 0.1. Cells were collected, washed, and embedded in agarose plugs. Gentle lysis was performed in the plugs before using them for pulsed-field gel electrophoresis (PFGE). The proportion of migrating DNA was determined by cutting each lane into slices and counting the tritium present in the wells and in the gel slices. The linear DNA values were expressed as the ratio (percent) between cpm in the gel slices and cpm in the gel slices plus well.
Test of colony viability. CFU experiments were performed as described in the literature (5) . Briefly, entire colonies were cut out as agarose plugs from rich medium plates after 48 h of incubation at 30°C, inoculated in 1 ml of M9 salts buffer, and shaken for 1 h at 30°C for full suspension of the colony. Appropriate dilutions of these suspensions were plated onto rich or minimal medium plates containing 2 g/ml or 5 g/ml of thymidine to count CFU at 30°C or 37°C. To prevent the accumulation of cells carrying suppressor mutations, a priA::Kam mutant was constructed in the presence of the plasmid pAM-priA ϩ , which carries the wild-type priA gene and a conditional replication origin (8) . When the CFU of the nrdA101 priA2::Kam/ pAM-priA ϩ strain were determined, colonies of this strain were obtained by plating first in the presence of IPTG (500 M) plus spectinomycin 25 (g/ml) and then following the same protocol as described above; i.e., individual colonies from the selection plates were plated in rich medium with neither IPTG nor spectinomycin in order to lose the pAM-priA ϩ plasmid and determine the effect of the priA2::Kam mutation. After 48 h of incubation at 30°C, entire colonies were cut out as agarose plugs, inoculated in 1 ml of M9 salts buffer, and shaken for 1 h at 30°C for full suspension of the FIG. 1. The replication fork reversal model (adapted from reference 21 with permission of the publisher). In the first step (A), the replication fork is arrested, causing fork reversal. The reversed fork forms an HJ (two alternative representations of this structure are shown, indicated by the open X and parallel stacked X). In Rec ϩ cells (B), RecBCD initiates RecA-dependent homologous recombination, and the resulting double HJ is resolved by RuvABC. Alternatively, if RecBCD encounters the HJ in the absence of RecA (C), the DNA double-strand end is degraded up to the HJ, restoring a fork structure. In both cases, replication restarts by a PriA-dependent process. In the absence of RecBCD (D), resolution of the HJ by RuvABC leads to DSBs at the stalled replication fork. Continuous line, parental chromosome; dashed lines, newly synthesized strands; disk, RuvAB; incised disk, RecBCD. colony. Appropriate dilutions of these suspensions were plated onto rich medium and incubated at 30°C or 37°C to count CFU. Flow cytometry. DNA content per cell was measured by flow cytometry using a Bryte HS (Bio-Rad) flow cytometer essentially as previously described (7, 30) . When the OD at 450 nm of each culture growing at 30°C or 37°C in M9 minimal medium reached 0.2, a portion of the cultures was transferred into another flask, and rifampin (150 g/ml) and cephalexin (50 g/ml) were added to inhibit new rounds of chromosomal replication and cell division, respectively. These treated cultures were grown for an additional 4 h with continuous shaking, after which 400 l of each culture was added to 7 ml of 74% ethanol. Approximately 1.5 ml of each fixed sample was centrifuged, and the pellets were washed in 1 ml of ice-cold staining buffer (10 mM Tris, 10 mM MgCl 2 [pH 7.4] in sterile distilled water) and resuspended in 65 l of staining buffer and 65 l of staining solution (40 g/ml ethidium bromide and 200 M mithramycin A). The cells were incubated on ice in the dark for at least 30 min and run in the Bryte-HS (Bio-Rad) flow cytometer at 390 to 440 nm.
RESULTS
nrdA101 recB strains contain a high level of DSBs. Arrest of replication forks is known to cause DSBs (2, 15) . In order to study whether there was an increase in the number of stalled replication forks caused by the presence of an altered NDP reductase, we determined the amount of DSBs according to the method developed by Michel et al. (20) by using PFGE combined with cell lysis in agarose plugs. To determine the amount of broken DNA produced, it is necessary to prevent degradation of linear DNA and repair of DSBs. This can be achieved by inactivating RecBCD activity using a recB-deficient background, although recA-recD-deficient strains could also be used (20) .
In the present work the levels of DSBs in nrdA101 recB and nrdA ϩ recB strains growing at 30°C were quantified by the amount of linear DNA as measured by PFGE (Table 2) . Typical profiles of gel migration for the different strains are shown in Fig. 2 . The results indicate that the amount of DSBs in the nrdA101 recB strain was greater than that in the nrdA ϩ recB strain, suggesting an increase in the number of the stalled forks induced by the presence of defective NDP reductase at the permissive temperature.
DSBs in the nrdA101 recB strain are RuvABC dependent. To establish the possible origin of the DSBs induced by the nrdA101 recB background, we investigated whether the formation of DSBs resulted from the action of the RuvABC resolvase (Fig. 1) . The estimated DSB levels in the nrdA101 recB ruvABC and nrdA ϩ recB ruvABC strains were markedly lower than those in the respective Ruv ϩ counterpart strains (Table 2 ; Fig. 2 ). As RuvABC is a specific resolvase for HJs, according to the RFR model (Fig. 1) , it generates DSBs at arrested replication forks in a recB-deficient background (29); these results indicate the occurrence of replication fork reversal in the nrdA101 recB mutant. As RFR is one of the mechanisms developed to restart the stalled replication forks, we could infer that the nrdA101 strain growing at 30°C increases the number of stalled replication forks that would proceed with the help of the RFR process in a Rec ϩ -proficient context. Testing the RFR model in the nrdA101 mutant. The RFR model has three basic points (Fig. 1) . The first is the formation of RuvABC-dependent DSBs in a recB-deficient strain, which we have shown above to occur. The second is the requirement for the RecBC activity to process double-strand ends generated at the reversed fork, as its absence would maintain the DSBs created by RuvABC activity. The third is that the lethality provoked by the inactivation of RecBC activity is reverted by the absence of RuvABC, since the activity of this resolvase will eventually conclude in DSBs if the activity of RecBC is absent (29) . In order to test these effects on the growth of the nrdA101 mutant at the permissive temperature, we performed CFU experiments with the nrdA101 mutant strain under recA, recB, and/or ruvABC mutant conditions. In these experiments the number of CFU per colony was measured, reporting an aggregate measurement of both slower growth and lower viability of the strains. As shown in Table 3 , inactivation of recB greatly compromised the growth of the nrdA101 mutant strain, and this detrimental effect was suppressed by the additional inactivation of ruvABC, as predicted by the RFR model ( Fig.   FIG. 2 . Representative profile of a PFGE experiment. JK626 (nrdA ϩ recB) (OE), JS628 (nrdA101 recB) (•), JK707 (nrdA ϩ recB ruvABC) (‚), and JS705 (nrdA101 recB ruvABC) (E) were used. Agarose plugs were prepared as described previously (20, 29) . Gels were cut in 3-mm slices, the amount of [methyl- 3 H]thymidine present in each slice was measured, and the ratio of the total amount of [methyl- 1). This effect is specific for RecB deficiency, since it was not observed in the nrdA101 recA ruvABC mutant strain. Furthermore, RecB-induced detrimental growth is related to the presence of the nrdA101 allele, as the nrdA ϩ strain in the absence of RecA, RecB, or RuvABC recombination proteins is affected in all these cases to the same extent ( Table 4) .
The results presented in this work also show that the effects on viability provoked by the absence of recombination protein in the nrdA101 background were enhanced at 37°C (Table 3) . Flow cytometry measurements show that the nrdA101 mutant strain is unable to complete ongoing chromosomal replication at this semirestrictive temperature after the inhibition of new rounds of chromosomal replication by the addition of rifampin (Fig. 3) . From runout experiments, the value of the C period for the nrdA101 strain at 37°C was calculated to be 218 min, but as chromosomal replication could not finish at this temperature, this C period value is even underestimated. These effects were most likely due to the high frequency of stalled forks in the nrdA101 mutant. To verify this idea, the DSB level in the nrdA101 recB strain growing at 37°C would have to be determined. We were unable to do this because overnight cultures of this strain were not reproducible and the strain could not maintain balanced growth at this semirestrictive temperature. In support of this observation, the priA2 allele had a marked detrimental effect when combined with the nrdA101 allele at 37°C relative to 30°C (Table 3 ). This indicates that the presence of the PriA protein is an absolute requirement for the NDP-reductase defective mutant to grow at a semirestrictive temperature.
An increase in DSBs is unrelated to reduction of the dNTP supply. As dNTP synthesis is deficient in the nrdA101 mutant strain even at 30°C (6), it might be thought that the low supply of DNA precursors could be the cause of the lengthening of the C period and of the frequent stalled forks observed in the mutant. To test this possibility, we mimicked the situation by testing the level of stalled forks under conditions of reduced TTP supply in the presence of wild-type NDP reductase. We measured DSBs in the nrdA ϩ recB thyA and nrdA ϩ recB ruv-ABC thyA strains in the presence of thymidine at 5 g/ml (optimal concentration) and 2 g/ml (suboptimal concentration) at 30°C. Under these conditions, the generation times for the nrdA ϩ strain were not greatly affected, being 75 min in the presence of thymidine at 5 g/ml and 86 min in the presence of thymidine at 2 g/ml; however, the estimated lengths of the C periods were 98 min and 151 min, respectively (see "Determination of the C period" above). Data on linear DNA showed the RuvABC-dependent DSB levels to be similar under the two conditions (Table 5) , therefore indicating that there is the same level of arrested replication forks in the nrdA ϩ recB strain growing with either 5 g/ml or 2 g/ml of thymidine. If lengthening of the C period in nrdA101 mutant strain were accounted for solely by the reduced activity of the NDP reductase, an increased formation of DSBs under thymidine limitation would be expected. As lengthening the C period by reducing the TTP supply does not increase DSBs (Table 5) , this suggests that the increase in the level of stalled forks observed in an nrdA101 strain would not be attributed to the limiting activity of NDP reductase as an dNTP provider. We also performed CFU experiments with the nrdA ϩ strain under recB and/or ruvABC inactivation growing in minimal medium containing 2 g/ml or 5 g/ml of thymidine. We observed that the viability of the nrdA ϩ recombination-deficient strains was not greatly affected by the lowering of TTP supply (Table 4 ), in agreement with the similar DSB levels obtained with different thymidine concentrations (Table 5) . a Individual colonies from rich medium plates were resuspended, and appropriate dilutions were plated on rich medium plates. The number of independent experiments, done on different days, was between 8 and 24.
b Individual colonies from rich medium plates were resuspended, and appropriate dilutions were plated on M9 minimal plates containing either 2 g/ml or 5 g/ml of thymidine (TdR).
DISCUSSION
Defective NDP reductase encoded by the nrdA101 allele slows chromosomal replication, and the limited NDP reductase activity reported for this mutant could account for this phenotype. In addition to being the only specific provider of dNTP in E. coli, the NDP reductase has been proposed to be a component of the replication hyperstructure, and this dual role opens a new option to explain the lengthening of the C period observed in the nrdA101 mutant. In this work we explored the possibility that structural alteration of the enzyme could contribute to this phenotype by affecting the replication hyperstructure. One of the consequences of this hypothesis might be a high frequency of replication fork arrest in the nrdA101 mutant strain. Stalled replication forks are known to be susceptible to breakage, but DSBs can be detected only if broken replication forks are not repaired. In this work we used the quantification of DSBs in a recB-deficient background as the experimental approach to study the occurrence of replication fork arrest in the nrdA101 mutant strain.
We showed the nrdA101 recB mutant strain to have an increase of DSBs compared with the nrdA ϩ recB strain (Table 2 ; Fig. 2 ). We found that in the nrdA101 recB strain the induced DSBs are dependent on RuvABC activity, indicating that they are generated after resolution of an HJ created by RFR at the stalled fork. According to the RFR model, the occurrence of RuvABC-dependent DSBs in a recB-deficient background would be an indicator of the amount of stalled replication forks that have been regressed and likely restarted in a rec ϩ background ( Fig. 1) (29) . Therefore, the results indicate that in the presence of defective NDP reductase, there is an increase in the number of stalled replication forks that would proceed with the help of RFR in a rec ϩ background. The observed effects on the growth of rec-deficient mutants supported the occurrence of RFR in the nrdA101 context, as follows. (i) The detriment of the growth of the nrdA101 recB mutant strain was greater than that of the nrdA101 recA and nrdA101 ruvABC recombination mutants (Table 3) . We showed that the negative effect observed in an nrdA101 recB strain was provoked by the presence of the NDP reductase encoded by the nrdA101 allele, as in the nrdA ϩ context the absence of RecA, RecB, or RuvABC proteins had results of similar magnitude (Table 4) . (ii) We found a specific recovery of the nrdA101 recB mutant growth under RuvABC inactivation (Table 3) . (iii) The requirement for the recombination proteins and PriA in the nrdA101 background was magnified at 37°C. PriA is the main E. coli replication restart protein and is essential for growth under any condition that increases the frequency of fork arrests (5, 8, 28) . We have shown that at 37°C, chromosomal replication in the nrdA101 strain is unable to finish in the presence of rifampin, and the underestimated C period is longer than at the permissive temperature. We could not verify the level of DSBs at 37°C in the nrdA101 recB strain, but all these results together suggest that the nrdA101 mutant strain at the semirestrictive temperature contains a high level of stalled forks.
NDP reductase encoded by nrdA101 allele has been shown to have a reduced activity as a dNTP provider even at 30°C (6, 16) , and this effect could explain the lengthening of the C period observed in the nrdA101 mutant strain at a permissive temperature, assuming that a limited dNTP pool would be the cause of the increase in the amount of stalled replication forks reported in this work (Table 2 ). To determine whether the increase in the number of stalled forks was caused by the limitation of the dNTP supply, we mimicked this situation without altering the NDP reductase structure by using thymine limitation in an nrdA ϩ isogenic strain. This growth condition can be used to manipulate the C period under balanced growth, as it generates a reduction in the TTP pool and consequently the lengthening of the C period in the presence of a wild-type NDP reductase (26, 32) . We performed PFGE experiments with the nrdA ϩ recB thyA strain growing with a limited thymidine supply. Our results show that the level of DSBs did not change in the nrdA ϩ strain growing at a suboptimal thymidine concentration ( Table 5 ), and that the viability of the recombination mutants was not greatly affected by the lowering of the TTP supply (Table 4) . Thymine limitation is not a pathological state of the cell (33) . As far as we know, the effects of thymine limitation are related to or are consequences of the lowering of the TTP pool, that is, lowering of the chromosomal replication rate (i.e., increasing the C period) (see Table 1 the NDP reductase would be causing the increase in the number of stalled forks in the nrdA101 mutant at 30°C by limiting the amount of dNTPs, then the limiting amount of TdR in the presence of wild type NDP reductase (achieved by thymidine limitation in an nrdA ϩ background) should be expected to have the same effect. We found that nrdA101 mutation induced DSBs, while thymine limitation in an nrdA ϩ background did not. Consequently, this would indicate that the increase in the level of stalled forks observed in the nrdA101 strain would not be caused by the limiting activity of NDP reductase as a dNTP provider.
The phenotype observed in the nrdA101 mutant was similar to that reported for replication mutants that inactivate enzymes involved in the progression of the fork: (i) the rep helicase mutant (20, 29) , (ii) the holD mutant affected by one of the components of the ␥ complex of DNA polymerase III ( subunit) which in vivo may lead to the arrest of the entire replication machinery (4), and (iii) under partial inactivation of the ␣ and ␤ subunits of DNA polymerase III by incubation of dnaE(Ts) and dnaN(Ts) mutants, respectively, at 37°C (9). As described for the nrdA101 strain, all these mutants require RecBC to survive, and they undergo RFR, as high levels of RuvABC-dependent DSBs were detected in the absence of RecBCD activity. We propose the possibility that the increase in the level of stalled forks observed in the nrdA101 strain was due to an altered progression of the replication fork as a consequence of the lability of the replication hyperstructure in the presence of an nrdA101-encoded NDP reductase.
Mathews and coworkers proposed, and have extensively described, the association of the nucleotide metabolism enzymes in a dNTP-synthesizing complex, explaining channeling of the biosynthesis and compartmentation of the precursors in T4 metabolism (13, (17) (18) (19) 27) . Recently, new approaches supporting the associations between dNTP synthesis enzymes, DNA, and the replication complex in T4-infected cells (14) and in E. coli (10, 24) have been described. The data provided by the present work would be consistent with the presence of the NDP reductase at the replication fork in vivo and represent independent support for the presence of NDP reductase as a structural and functional component of the replication hyperstructure (10), as they show the occurrence of replication fork arrest in the presence of NDP reductase encoded by nrdA101 allele. Given the possible interaction of NDP reductase with the replisome, we suggest that the nrdA101 strain could generate a less processive replication hyperstructure that would contribute to the lengthening of the C period by impairing the progression of the replication forks.
